Though the Er:YAG laser (ErL) has been used in periodontal therapy, the irradiated tip damage has not been studied in detail. In this study, the change in the energy output, surface morphology, and temperature of quartz tips was evaluated following contact irradiation. Soft tissue, calculus on extracted human teeth, and porcine bone were irradiated by ErL for 60 min at 14.2 or 28.3 J/ cm 2 /pulse and 20 Hz with or without water spray. The energy output ratio declined the most in the calculus group, followed by the bone and soft tissue groups with and/or without water spray. Carbon contamination was detected in all groups, and contamination by P, Ca, and/or other inorganic elements was observed in the calculus and bone groups. The rate of energy output reduction and the degree of surface alteration/contamination is variously influenced by the targeting tissue, temperature elevation of the tip and water spray.
INTRODUCTION
The Er:YAG laser (ErL), which emits at 2,940 nm, is very useful for dental treatment because it can effectively ablate both soft and hard tissues [1] [2] [3] with minimal thermal damage due to its high absorbability in both water 4) and hydroxyapatite 5) . The ErL treatment is advantageous because it causes less pain, vibration, and discomfort compared to conventional mechanical methods 6) . In addition, the antibacterial and detoxifying effects as well as the biological effects of the ErL may improve the wound healing of treated sites [7] [8] [9] [10] [11] [12] . The ErL applications in dental treatments such as operative dentistry [13] [14] [15] [16] , pediatric dentistry 17, 18) , endodontics [19] [20] [21] , periodontics [22] [23] [24] [25] [26] [27] [28] [29] , and oral surgery 30, 31) have increased in recent years. Furthermore, the use of ErL has also been proposed in implant therapy applications such as the implant placement procedure as well as treatment of peri-implantitis [32] [33] [34] [35] [36] [37] . On ErL irradiation, two irradiation modes are available: non-contact and contact modes 38) . In the non-contact mode, the laser beam is delivered without a contact tip, and a red diode laser, which is released coaxially from the handpiece, is utilized for spot guidance. However, laser irradiation in non-contact mode is difficult to precisely deliver due to the lack of tactile feedback during operation. In contrast, in the contact mode, the laser irradiation can be precisely transmitted on the target tissue by a specially designed contact tip mounted on the handpiece because of the tactile sensation provided by the contact. Therefore, the contact irradiation mode of the ErL is primarily performed in dental treatment. However, the contact surface of tips will get damaged during irradiation, resulting in a gradual reduction of the energy output. Previous studies demonstrated that the energy output reduction from contact tips was related with both the damage to the tip and the presence of contaminants on the contact surface 39) . Generally, two types of contact tips, quartz or sapphire crystal rods, are utilized for ErL, and the quartz tip appears to be less resistant than the sapphire tip 40) . In periodontal usage, ErL is irradiated on various tissues such as the root surface with subgingival calculus, gingiva, and bone tissue, and the curved type tips made of quartz crystal are clinically useful for various applications including insertion into periodontal pockets. So far, however, there have been no detailed studies investigating the changes in the quartz tip after contact usage in periodontal applications.
Therefore, the present in vitro study evaluates the energy output reduction, surface alteration, and temperature change of the quartz tip following ErL contact irradiation on soft and hard periodontal tissues. 
Energy output reduction and surface alteration of quartz tips following Er:YAG laser contact irradiation on soft and hard tissues in vitro

MATERIALS AND METHODS
Laser system and samples
The ErL device employed was a pulsed Er:YAG laser (Erwin AdvErl TM , wavelength 2,940 nm, pulse width 250 μs, J. Morita Mfg, Kyoto, Japan). This laser system utilizes an optical fiber delivery system with a contact handpiece.
In the present study, sixty-two unused quartz contact tips made of synthetic fused silica with a diameter of 600 μm and flat end were employed (no. C600F). The following samples were used for irradiation: 1) chicken gizzard (simulating gingival soft tissue), 2) subgingival calculus on extracted human teeth, and 3) alveolar bone of porcine mandible. Periodontally diseased teeth with subgingival calculus had been previously collected from patients who went to the Dental Hospital, Tokyo Medical and Dental University, and private dental practices, after obtaining informed consent, and they were stored in our department in saline solution at 4ºC after extraction. The use of human teeth was approved by the Ethics Committee of the Faculty of Dentistry, TMDU (no. 967). In the soft tissue W(−) and W(+) groups, chicken meat was irradiated by ErL for 60 min without or with water spray (approximately 14 mL/min water and 3.2 L/ min air, 75 kPa air pressure) at the energy output of 40 mJ/pulse (panel setting of 70 mJ/pulse, energy density of 14.2 J/cm 2 /pulse) and the pulse rate of 20 Hz, using a freehand technique with the tip gently in contact and perpendicular to the surface without applying excessive contact pressure.
In the calculus W(+) group, approximately 50 extracted human teeth with subgingival calculus were used, and irradiation was performed for 60 min with water spray at 40 mJ/pulse (panel setting of 70 mJ/pulse, energy density of 14.2 J/cm 2 /pulse) and 20 Hz with the tip gently in contact and oblique to the root surface at a 30º angle. After the calculus was completely removed from the tooth surface, a new tooth was employed for continuous irradiation to calculus.
In the bone W(+) group, porcine mandibular alveolar bone was irradiated for 60 min at 80 mJ/pulse (panel setting of 135 mJ/pulse, energy density of 28.3 J/cm 2 / pulse) and 20 Hz with water spray with the tip gently in contact and perpendicular to the bone surface.
The energy output in each group was selected according to the level actually used for each treatment in a clinical setting. The irradiation was performed along a line for meat and bone ablation and in a sweeping motion for calculus removal. The energy output was measured by a power meter (Field Master   TM and LM-P10i, Coherent, Santa Clara, CA, USA) before irradiation, after 1, 3 and 5 min of irradiation, and then every 10 min until 60 min. The distance between the tip and the laser sensor was set at 35 mm during measurement. The energy output was measured as the mean of approximately 3 s (60 shots), and the measurement was performed in quintuplicates for each tip. The five data points were averaged, and the average was determined as the representative value for each tip at each time point.
Morphological analysis of the contact surface
The contact surface of the tips was observed by optical stereomicroscopy (VH-7000 ® , Keyence, NJ, USA) and scanning electron microscopy (SEM) (S-4500, Hitachi, Tokyo, Japan). Prior to evaluation, the tip surface was rinsed with water spray and dried by an air syringe without any other cleaning or treatment. Then, following sputter coating with osmium plasma at a thickness of 4 nm, the SEM secondary electron image of the tip contact surface was taken at an accelerating voltage of 15 kV.
Compositional analysis of the contact surface
The chemical compositional analysis of the contact surface was performed by SEM energy dispersive X-ray spectroscopy (SEM-EDS) using an energy-dispersive X-ray microanalyzer (EMAX-7000 ® Horiba, Kyoto, Japan). The contact surface of the unused and used quartz tips was examined for the presence of silicon (Si), oxygen (O), carbon (C), phosphorus (P), calcium (Ca), sodium (Na), and magnesium (Mg) under 0.2 nA and 15 kV for 100 s using characteristic X-rays of SiKα, OKα, CKα, PKα, CaKα, NaKα, and MgKα, respectively. The original constituents of quartz are considered to be Si and O. Mapping analysis was used to determine the type and distribution of debris and microparticles attached on the contact surface using 2,000 times magnification in SEM. Furthermore, to determine the elements on the surface, SEM-EDS area analysis was performed on a 400×400 μm area in the center of the surface under 100 times magnification in SEM, which covers almost the entire tip surface. However, in experiment 2, the irradiation manner was changed, i.e., during irradiation, the contact tip was fixed for temperature measurement, and the targeting tissues were handled and moved by hand simulating experiment 1. The irradiation time was set as 3 min for each group. In the no tissue W(−) and W(+) groups, only ErL emission was performed without or with water spray, respectively.
During irradiation, an infrared thermal imaging camera (InfRec R500 series, Nippon Avionics, Tokyo, Japan) was used for temperature measurement of the contact tips. This equipment is composed of an infrared detector and an image display, and it was attached to a personal computer for recording the thermal images. The range of temperature measurement is −40ºC to 500ºC, the temperature sensitivity is 0.03ºC, and the accuracy of the temperature measurement is ±1ºC. Fifteen thermal images were recorded every second. After recording thermal images of the lateral surface of the tip end during irradiation, one thermal image was selected out of every fifteen thermal images as the representative temperature at each second. The temperature readings were produced from the thermo-graphic patterns on the monitor, and the average temperature of the area in the tip end was calculated at 1, 3, 10, 30 s, 1 min, and 3 min using the 0.9 emissivity of silicon resin, which is the material of the lateral surface of the tips. Finally, the average of the temperature of four tips was determined as the representative value for each group at each time point.
Statistical analysis
The percentage of measured energy output of the used tip relative to that of the unused tip was calculated and discussed here as the energy output (n=6). The differences in the energy output among the groups at each time point were analyzed by one-way factorial analysis of variance (ANOVA) followed by the Tukey-Kramer posthoc test. Similarly, the differences in the concentration of Si, O, Si+O, and C among the groups were analyzed by applying one-way factorial ANOVA followed by the Tukey-Kramer post-hoc test. The difference in the total amount of temperature elevations among each group was analyzed by two-factor ANOVA followed by t-test with Bonferroni correction. The statistical significance was determined at a p-value less than 0.05 using statistical software (StatView 5.0, SAS Institute, Cary, NC, USA and SPSS ® version 19.0, SPSS, Chicago, IL, USA).
RESULTS
Changes in energy output and energy output ratio of all the irradiation groups over time
In the soft tissue W(−) and W(+) groups, most of the tips exhibited a gradual, continuous reduction of energy output over time and finally exhibited a minimal reduction to 37.7 mJ (94.3%) and 36.5 mJ (91.4%) on average for the W(−) and W(+) groups, respectively, after 60-min irradiation from 40 mJ initially (Figs. 1 and 2).
The soft tissue W(+) group showed a slightly higher reduction than the W(−) group (Figs. 1(a), (b), (e), and 2) Compared to the other groups, the energy output of the calculus W(+) group declined the most rapidly to 33.4 mJ (83.5%) on average after 10 min (Fig. 2) . After 20 min, the energy level was maintained around 32.7-34.1 mJ (81.8-85.0%) before declining to 31.6 mJ (79.0%) after 60-min irradiation (Figs. 1(c), (e), and 2). However, one tip in this group showed a sudden, rapid reduction to 26.7 mJ (66.8%) at 20 min, declining to 18.2 mJ (45.6%) after 60 min.
In the bone W(+) group, most of the tips exhibited a gradual reduction and finally declined to 69.6 mJ (87.0%) on average after 60 min from 80 mJ initially (Figs. 1(d) , (e), and 2).
The energy output ratio declined the most in the calculus W(+) group (79.0%), followed by the bone W(+) group (87.0%), the soft tissue W(+) group (91.4%), and the soft tissue W(−) group (94.3%) (Fig. 2 ). In the calculus group, the energy output ratio declined significantly compared to the other three groups at 1, 3, 5, 10, and 20 min (p<0.05). Significant reductions in the calculus W(+) group were also observed at 30, 40, and 50 min compared to the soft tissue W(−) group (p<0.05) and at 40 min compared to the bone W(+) group (p<0.05). However, after 60 min, no statistically significant differences were observed among the groups (Fig. 2 ).
Morphological analysis of the contact surface
Under stereomicroscopy, a flat, smooth, and mirrorlike contact surface was observed on the unused quartz contact tip. The contact surface is composed of three areas: 1) the optical fiber, 2) the cladding, and 3) the surrounding jacket layer that protects the fiber ( Fig.  3(a) ). The contact surface of the quartz tips in the soft tissue W(−) and W(+) groups maintained a smooth appearance with minimal alteration after 60 min (Figs. 3(b) and (c)), but the jacket layer revealed a charred feature only in the soft tissue W(−) group ( Fig. 3(b) ).
In the calculus W(+) group and bone W(+) group, the contact surface showed obvious damage and deterioration (Figs. 3(d) and (e)). The jacket layer surrounding the fiber was severely destroyed. Tipping and fracturing were observed at the exposed periphery of the fiber, and the contact surface showed irregular features ( Fig. 3(d) and (e)).
Under SEM observation, among all groups, the least amount of debris was attached on the surface in the soft tissue W(−) group (Fig. 3(l) ); moreover, the surface was relatively smooth except for the partial presence of small holes and defects, which were the size of a few microns (Figs. 3(q) and (v) ). In the soft tissue W(+) group, microdebris less than 1 μm in size was sparsely attached on the surface (Figs. 3(r) and (w)), and at higher magnification (Figs. 3(r) and (w)), it was found that under the attached micro-debris, the original surface was uniformly coated with a very thin layer of material having numerous micro-holes with maximal diameter of 1 μm (Fig. 3(w) ).
In the calculus W(+) group, the original surface became micro-irregular ( Fig. 3(n) ), and numerous For irradiation on soft tissue without and with water spray [soft tissue W(−) and W(+) groups], most of the tips exhibited a gradual, continuous energy output reduction, reaching around 35-38 mJ/pulse (37.7 and 36.5 mJ/pulse on average, respectively) from 40 mJ/pulse initially (a, b, and e). For irradiation on subgingival calculus with water spray [calculus W(+) group], the energy output of the tips showed a relatively rapid reduction, declining to 33-36 mJ/pulse (31.6 mJ/pulse on average), with the exception of one tip, which showed a sudden and marked reduction to 18.2 mJ/pulse at 60 min (c and e). For irradiation on bone tissue with water spray [bone W(+) group], most of the tips exhibited a gradual reduction, declining to 63-73 mJ/pulse (69.6 mJ/pulse on average) after 60-min irradiation from 80 mJ/pulse initially (d and e). Each data represents the mean ± SE (n=6) (e). W: water spray during irradiation. In the calculus W(+) group, the energy output ratio declined the most rapidly at 10 min after beginning irradiation, whereas the other groups showed similar gradual reductions, regardless of the original energy output level. Under stereomicroscopy, a flat, smooth, and mirror-like contact surface was observed on the unused quartz contact tip (a). The contact surface is composed of three areas: the optical fiber (a-A), the cladding (a-B), and the surrounding jacket layer (a-C) around the fiber. After 60-min irradiation, the contact surface of quartz tips in the soft tissue W(−) and W(+) groups maintained a smooth appearance with minimal alteration (b and c), but the surrounding jacket layer revealed a charred feature in the soft tissue W(−) group (b). In the calculus W(+) group and the bone W(+) group, the contact surface showed obvious damage and irregularity (d and e). The surrounding jacket layer was severely destroyed, while tipping and fracturing were observed at the exposed fiber periphery (d and e). Under SEM observation, in the soft tissue W(−) group, the least amount of debris was attached on the surface compared to the hard tissue groups, and the surface was relatively smooth (g) except for the partial presence of small holes and defects (l, q, and v). In the soft tissue W(+) group, the contact surface was almost smooth (h), and micro-debris was sparsely attached on the surface (m and r). At higher magnification, under the attached micro-debris, the original surface was uniformly coated with a very thin layer of substance having numerous micro-holes (w). In the calculus W(+) group, the original surface became micro-irregular by slight surface ablation and attachments (i and n), and numerous characteristically resolidified, round micro-particles were predominantly attached on the surface. Microcracks of the surface with fused substances were also noted (s and x). In the bone W(+) group, the surface became partially rugged (j and o) due to the major tipping and fracturing, which occurred from the peripheral area of the fiber, and the exposure of the original surface was very limited since the surface was almost covered by fibrous debris (t and y).
characteristically resolidified, round micro-particles with approximate diameters of 1-5 μm were predominantly attached on the surface (Figs. 3(s) and (x)). Moreover, the surface of one tip, which showed the highest energy output reduction, was almost covered by resolidified, round micro-particles that were larger in size and number than those on the surface of the other tips.
In the bone W(+) group, the surface became partially rugged due to major tipping and fracturing, which occurred in the peripheral areas (Figs. 3(j) and (o) ). A representative feature of the quartz tip contact surface in each group is shown by SEM (a-e). The unused quartz tip showed a smooth contact surface (a), and Si and O were uniformly detected on the entire surface (f and k). In the soft tissue W(−) group, coinciding with the presence of attachments observed in the SEM (b, arrows), both Si and O were not observed (g and l), while C was strongly detected at the attachment sites (p). In the soft tissue W(+) group, C was detected more strongly and uniformly (q) regardless of the absence of attached debris in the SEM (c).
In the calculus W(+) group, coinciding with the presence of round shape attachments in the SEM (d, arrows), both Si and O were clearly lacking (i and n), while both P and Ca were strongly detected (t and v). Furthermore, weak and sparse distribution of C was observed (r). In the bone W(+) group, the foreign C, P, and Ca elements were uniformly detected (s, u and w) according to the uniform attachment of the fibrous debris (e). Si: silicon; O: oxygen; C: carbon; P: phosphorus; Ca: calcium (original magnification: 2000×).
Furthermore, the surface was almost covered by fibrous debris with diameters of 4-5 μm, severely limiting the original surface exposure (Figs. 3(t) and (y)). Thus, the features and shapes of the substances attached to the contact surface were markedly different among the experimental groups.
Compositional analysis of the contact surface
The SEM-EDS mapping analysis demonstrated that Si and O were uniformly distributed over the entire contact surface (Figs. 4(f) and (k)) as original constituents of the quartz tip. In the soft tissue W(−) group, C was detected strongly at the sites (Fig. 4(p) ) where fibrous debris was observed in the SEM images (Fig. 4(b) ). In the soft tissue W(+) group, C was detected more strongly and uniformly (Fig. 4(q) ) even at sites observed without debris in the SEM images (Fig. 4(c) ).
In the calculus W(+) group, coinciding with the presence of round attached shapes in the SEM images (Fig. 4(d) ), both Si and O were clearly lacking (Figs. 4(i) and (n)), and both P and Ca were strongly detected (Figs.  4(t) and (v) ). In the bone W(+) group, the foreign C, P, and Ca elements were uniformly detected (Figs. 4(s) , (u), and (w)) according to the uniform attachment of fibrous debris (Fig. 4(e) ).
The EDS area analysis indicated that both Si and The amount of Si+O also significantly decreased after 60-min irradiation in all experimental groups, and it was the lowest in the soft tissue W(+) group (46.8%), followed by calculus W(+) (55.5%), bone W(+) (62.8%), and soft tissue W(−) (82.2%) group (a). The amount of Si+O in the soft tissue W(+) group was significantly lower than that of the soft tissue W(−) group (a and d). Carbon, the main contaminant, was observed in all experimental groups, and the amount of C was the highest in the soft tissue W(+) group with a significant difference from the other groups (p<0.05) (a and e). P and Ca were slightly detected in the bone and calculus groups, while Na and Mg were very slightly detected in the calculus W(+) group (a). Si: silicon; O: oxygen; C: carbon; P: phosphorus; Ca: calcium; Na: sodium; Mg: magnesium; W: water spray during irradiation. Each data represents the mean ± SD (n=6). *p<0.05, **p<0.01 Tukey-Kramer post-hoc test.
O significantly decreased after 60-min irradiation in all the experimental groups, with the exception of O in the soft tissue W(−) group (Figs. 5(a), (b), and (c)). The total amount of Si+O (i.e., the exposure of the original contact surface) significantly decreased after 60-min irradiation in all the groups, and it was the lowest in the soft tissue W(+) group (46.8%), followed by the calculus W(+) (55.5%), bone W(+) (62.8%), and soft tissue W(−) (82.2%) groups. The amount of Si+O in the soft tissue W(+) group (46.8%) was significantly lower than that of the soft tissue W(−) group (82.2%) (Fig. 5(d) ). Carbon was the primary contaminant and was observed in all experimental groups, and the amount of C was significantly higher in the soft tissue W(+) group (53.2%) (Fig. 5(e) ) compared to the other groups (p<0.05) (Fig. 5e) . In particular, the amount of C was three times higher in the soft tissue W(+) group than in the W(−) group. In addition to C, P and Ca were slightly detected in the bone and calculus groups. Moreover, Na and Mg were very slightly detected in the calculus group (Fig.  5(a) ). Figure 6 shows the temperature changes of the tip end in all irradiation groups over time.
Temperature changes of all irradiation groups over time
With water spray, a very slight temperature elevation was observed, and the increased temperature from 26.1ºC at the beginning of irradiation remained With water spray, a very slight temperature elevation was observed, and the increased temperature from 26.1ºC at the beginning of the irradiation remained around 28ºC until 3 min in all groups. Without water spray, in the no tissue W(−) group, the temperature gradually increased to 51.9ºC at 3 min. In the soft tissue, calculus, and bone W(−) groups, the temperature rapidly and significantly increased to 48. The factor of 'target material' and 'water spray' as well as the interaction between the two factors was statistically significant (p=0.003, p<0.0001, and p<0.0001, respectively). The temperature elevation in the W(−) groups was significantly different among the four different target tissues (p<0.001): bone tissue W(−) group was the highest, followed by the calculus W(−) group, soft tissue W(−) group, and no tissue W(−) group. In the same target tissue groups, the temperature elevation of W(−) group was significantly higher than that of W(+) group, respectively. No significant difference was observed among the four water (+) groups (Fig. 6) .
DISCUSSION
Because the energy output influences the safety and effectiveness of laser treatment during clinical application, operators need to precisely understand the actual energy output level. However, information concerning the alteration of contact tips and changes in energy output after periodontal applications is insufficient [37] [38] [39] [40] [41] . Therefore, in the present study, changes in the energy output and surface topography of the quartz tips following ErL contact irradiation on periodontal soft and hard tissues were investigated. Generally, ErL is used with water cooling to facilitate ablation and to prevent thermal damage during ablation of both soft and hard tissues such as gingiva, teeth, calculus, and alveolar bone [42] [43] [44] [45] , but occasionally, ErL is used without water cooling on soft tissues to enhance hemostasis by thermal effects. Therefore, in the present study, the irradiation was conducted with water spray in hard tissue ablation, and irradiation was employed both with and without water spray in soft tissue ablation.
After contact usage, the results of the present study showed a gradual reduction of energy output in all experimental groups over time. The rate of energy reduction after 60-min irradiation was minimal for soft tissue ablation, and the soft tissue W(−) group maintained the highest energy output ratio (94.3%), followed by the soft tissue W(+) (91.4%) and bone W(+) (87.0%) groups. The lowest energy output ratio was observed in the calculus W(+) group (79.0%); however, these values were much higher than the remarkable reduction shown for enamel ablation (45.3%), which was previously reported by Eguro et al. 40) . Unlike the hard tissue groups such as calculus and bone ablation, the contact surface of quartz tips in the soft tissue groups maintained a smooth appearance without incurring severe surface degradation even after 60-min irradiation. Consequently, higher energy output ratio levels were maintained in the soft tissue groups compared to those in the hard tissue groups. The use of water spray influenced the alteration of the contact surface in an unexpected manner. The EDS analyses revealed that the tip surface was contaminated by C in both soft tissue W(−) and W(+) groups; however, C was more significantly and uniformly detected in the W(+) group (53.2%) than in the W(−) group (17.8%), regardless of the presence or absence of debris. The higher magnification SEM views presented an interesting finding: the entire surface of tips in the W(+) group was coated by a very thin layer of amorphous material having numerous tiny holes, which was possibly produced by evaporation of the target soft tissue. Consequently, the exposure of the original contact surface (the total amount of the original Si+O elements) was significantly lower in the W(+) group (46.8%) than that of the W(−) group (82.2%). These results also revealed more organic contamination of the contact surface in the soft tissue W(+) group, which may explain the lower energy output level in the soft tissue W(+) group (91.4%) compared to that of the soft tissue W(−) group (94.3%). However, the difference in the energy output ratio between the W(+) and W(−) groups was not as large as the difference in the level of Si+O exposure between the W(+) and W(−) groups. Given that the morphological alteration of the contact surface was similar between the two groups, these findings mean that the thin layer of C contamination did not strongly block, absorb, or diffuse the laser beam.
Contrary to our expectations before the experiment, the surface alteration was similar between the soft tissue W(+) and W(−) groups. The water cooling did not substantially prevent the reduction of energy output and tended to promote it due to the enhanced C contamination on the contact surface. The mechanism enabling organic material, including C derived from the target soft tissue, attachment to the contact surface during irradiation with water spray is unknown. One possible hypothesis is that immediately after being melted and vaporized during irradiation, the evaporated material was rapidly cooled and solidified by the water spray, resulting in the thin film attachment on the tip surface.
The morphology of the contact surface in the calculus W(+) and bone W(+) groups was more irregular compared to that of the soft tissue groups: roughened, tipped, or fractured surfaces were observed accompanied with the complete destruction of jacket layer, resulting in higher energy reductions. As for the mechanism of surface deterioration, the attrition and abrasion caused by mechanical impact and thermal stress during contact irradiation are speculated as potential causes 38) . The mechanical impact would be caused by extensive pressure and shock waves including micro-explosive ablation that produces high-speed hard tissue fragments. Thus, the distinct tip-wear observed in hard tissue groups would be primarily due to high mechanical stress during ablation. However, compared to the severe concavity observed in the case of enamel ablation 40) , the degree of surface abrasion in the calculus and bone groups was much smaller in the present study. These differences could be attributed to the difference in the hardness of the target tissues as well as the level of energy output employed.
Regarding the attached foreign elements, the amount of C was similar between the calculus (34.9%) and bone (32.5%) groups, whereas the total amount of inorganic elements (P, Ca, Na, and Mg) was higher in the calculus W(+) group (9.6%) than in the bone W(+) group (4.7%). Furthermore, the total amount of Si+O in the calculus W(+) group (55.5%) was lower than that of the bone W(+) group (62.8%). These results indicate that the higher energy reduction in the calculus W(+) group (79.0%) compared to the bone W(+) group (87.0%) may be partly a result of the higher level of inorganic attachments on the tip surface in addition to contact surface alteration. This result leads to the speculation that, unlike organic attachments, inorganic attachments possess higher potential for scattering, defocusing, or blocking the laser beam during irradiation. In fact, in the calculus W(+) group, the SEM images of one tip, which showed a marked energy output reduction, demonstrated that the size and amount of Ca and P attachments on the contact surface was much larger than those of other tips, although the contact surface irregularity was similar to that of other tips in the same group. These findings further suggest that the size and amount of inorganic contamination may highly influence energy output reduction.
During laser tissue ablation, thermogenesis is inevitable and will affect the surface of contact tips. To evaluate the temperature elevation of the contact tip during irradiation, thermography was employed. However, measurement of the temperature changes during irradiation was difficult. In particular, precisely determining the real temperature of the contact surface during irradiation was basically impossible, and even when the temperature of the lateral surface was employed, the sprayed water covering the contact tip surface might have masked the real temperature of tip during irradiation with water spray. In fact, in all W(+) groups, no significant temperature elevation was detected. Therefore, in addition to the soft tissue W(+) group, the temperature increase during irradiation without water spray was determined in other tissue groups to clarify the difference in heat generation during ablation depending on the different tissues, thereby allowing speculation of the degree of potential thermal influence on the contact surface during irradiation with water spray.
The results of the temperature changes in all W(−) groups provided useful information. The temperature of the no tissue W(−) group gradually increased over time and reached around 51.9ºC at 3 min, indicating a moderate temperature increase of the tip with only laser irradiation. In the soft tissue, calculus, and bone W(−) groups, severe temperature elevations were observed and the temperature reached 131.3, 252.3, and 311.2ºC at 3 min, respectively.
In the soft tissue W(−) group, this level of temperature elevation actually caused carbonization of the jacket layer of the contact tip; however, severe thermal damage of the contact surface was not detected. Because the melting point of quartz is 1,650ºC, a temperature of approximately 130ºC would not affect the quartz glass. In the soft tissue W(+) group, the temperature of the tip remained around 28ºC. Morphological observation showed no charred features of the jacket layer and no carbonized substances on the contact surface, except for the attachment of evaporated and resolidified organic material. Thus, the temperature elevation of the contact surface should have been minimal as the lateral surface of the tip indicated only a very slight temperature increase.
In the hard tissue, calculus, and bone W(−) groups, much higher temperature elevations of the contact tip were detected than in the soft tissue W(−) group, possibly due to larger thermogenesis during ablation in tissue with a much lower content of water. After only 1 s, the temperatures reached 85-100ºC in these groups. Thus, compared to soft tissue ablation, a momentary temperature increase at the contact surface is speculated to be larger in hard tissue ablation during contact irradiation even with water spray, and therefore, the increased temperature may have affected and influenced the alteration of the contact surface.
Generally, the destruction of the contact surface could be caused by physical stresses such as severe impact from extensive pressure and shock waves as well as by the thermal stress of the momentary temperature increase of the contact surface, which is inevitable during contact irradiation even though water spray is used 40) . However, considering the present results showing only very slight temperature increases of the lateral surface of the tips, water spray may have effectively minimized the temperature elevation of the tips, thereby minimizing the thermal damage of the contact surface. In fact, higher temperature elevation was observed in the bone W(−) group than in the calculus W(−) group, which may be primarily due to the higher energy output applied in the bone group; however, the rate of energy output reduction was lower in the bone W(+) group than in the calculus W(+) group, suggesting that factors other than thermal influence during irradiation with water spray (possibly contamination of contact surface) affected the contact surface more strongly, thereby reducing the energy output. Because a momentary temperature increase of the contact surface was not directly determined in the present study, further analysis is required for precisely understanding the thermal change of the contact surface during irradiation with water spray. These results also suggest the importance of water spray, especially during irradiation on hard tissues, to minimize the thermal accumulation in tips during ablation and thereby increase the longevity of the contact surface.
In the present study, it was clarified that the used tips are contaminated with various foreign attachments, which could not be removed by water rinsing alone. Therefore, further studies are required to establish a standard protocol for cleaning used tips such as manual wiping, ultrasonication, or soaking in a particular solution. Furthermore, additional studies are needed to determine an effective method for regaining the energy output of used tips. Previously, Yamazaki et al. 41) have demonstrated that polishing used quartz tips with silicon carbide paper was effective for regaining energy output by smoothing irregularities as well as removing attached substances on the contact surface.
In the hard tissue groups, the destruction of the fiber jacket layer was clearly observed followed by tipping of the exposed fiber. With respect to the longevity of contact tips, the role of jacket layer is considered to be important for not only protecting the core fiber but also sustaining the energy output. Therefore, equipment with robust jacket layers would be preferable to prevent destruction of the contact surface as well as break-down of the tip end, which would thereby maintain the tip longevity as well as high, stable energy output. Furthermore, for soft tissue surgery, contact tips should be used only for soft tissue procedures to maintain minimal alteration and contamination of contact surface, which thereby extends the longevity. On the other hand, consideration of the practical irradiation methods to maintain the highenergy output by reducing tip wear may be necessary. In hard tissue treatment, as previous reports suggested 40) , near-contact mode may be necessary to avoid rapid damage of the contact surface. The difference in ablation efficiency and contact surface alteration between contact and near contact irradiation modes should be clarified by further studies.
The primary focus of this study was the change of the quartz contact surface and energy output reduction during irradiation in relation to different target materials. The degree of degradation and contamination of the tips were considered to be different depending on the tip shape; for example, a thin or tapered end tip should be more easily fractured during irradiation. Thus, the damages of different types of tips should also be compared in future studies.
CONCLUSION
The results of the present study demonstrated that energy output reduction is inevitable for quartz tips following contact usage. The rate of energy output reduction and the degree of surface alteration/ contamination is influenced by the targeting tissue, temperature elevation of the tip as well as the use of water spray during irradiation. During irradiation without water spray, distinct temperature elevation of tips occurred but water spray minimized the elevation. The energy output decrease potentially occurred due to diffusion or blocking of the applied laser beam by the irregular surface as well as ablated or evaporated target material attached to the tip surface during irradiation.
